INTRODUCTION
This document describes the Oak Ridge National Laboratory (ORNL) multiyear experimental plan for validation and uncertainty characterization of whole-building energy simulation for a multi-zone research facility using a traditional rooftop unit (RTU) as a baseline heating, ventilating, and air conditioning (HVAC) system. The project's overarching objective is to increase the accuracy of energy simulation tools by enabling empirical validation of key inputs and algorithms. Doing so is required to inform the design of increasingly integrated building systems and to enable accountability for performance gaps between design and operation of a building. The project will produce documented data sets that can be used to validate key functionality in different energy simulation tools and to identify errors and inadequate assumptions in simulation engines so that developers can correct them.
ASHRAE Standard 140, Method of Test for the Evaluation of Building Energy Analysis Computer
Programs (ASHRAE 2004) , currently consists primarily of tests to compare different simulation programs with one another. This project will generate sets of measured data to enable empirical validation, incorporate these test data sets in an extended version of Standard 140, and apply these tests to the Department of Energy's (DOE) EnergyPlus software (EnergyPlus 2016) to initiate the correction of any significant deficiencies. The fitness-for-purpose of the key algorithms in EnergyPlus will be established and demonstrated, and vendors of other simulation programs will be able to demonstrate the validity of their products. The data set will be equally applicable to validation of other simulation engines as well.
FLEXIBLE RESEARCH PLATFORM
As a part of a multi-laboratory collaborative project, an existing ORNL flexible research platform (FRP) is being used to validate the modeling of the operation of multi-zone HVAC systems. The FRPs at ORNL are part of a multiyear project that has the goal of installing temporary, instrumented baseline test buildings on two permanent FRPs consisting of slabs and a steel superstructure (Fig. 1a) . The single-story FRP, with a footprint of 40 by 60 ft (12 by 18 m) (Fig. 1b) , and the two-story FRP, with a footprint of 40 by 40 ft (12 by 12 m) (Fig. 1c) , can be used to physically simulate light commercial buildings common in the nation's existing building stock. In particular, the two-story FRP was constructed to resemble and perform similarly to the late 1970s-era medium office building common in the 10-county region surrounding the Buildings Hub located at the Philadelphia Naval Yard.
The FRPs are an unoccupied research apparatus in which occupancy is emulated by process control of lighting, humidifiers for human-based latent loading, and a heater for miscellaneous electrical loads (MELs). The emulation minimizes human-occupancy-based interference with the building, which is one of the main sources of uncertainty in building modeling input data. Ground heat transfer is another source of uncertainty due to the unavailability of the deep ground temperature. To reduce this uncertainty, 12" Geofoam EPS46 (R4.6 per inch -RSI 0.76 per inch) insulation was installed in the floor. The added insulation would make the floor to ground heat transfer close to adiabatic. Additionally, piping around the perimeter is also provided so that the cold or water can be circulated through these pipes to maintain the desired ground temperature. Appendix C shows the piping layout and sensor locations for temperature and heat flux measurements. However, due to cost constraints of heating/cooling water equipment for the hot/cold water supply, these pipes are not active currently. These test buildings are exposed to natural weather conditions for research and development leading to system-and building-level advanced energy efficiency solutions for new and retrofit applications. On these test buildings, tune-ups, retrofits, or alternative building components or systems can be implemented; and the data gathered, with and without the modifications, can be used to characterize the baseline energy performance and the energy savings from the tune-up/retrofit or alternative system/component. In addition, a dedicated weather station (Fig. 2) is installed on the roof of the two-story FRP so that actual weather data can be used in performance analysis and energy modeling.
The two-story FRP is being used for this project. The systems in the two-story FRP are multi-zone HVAC systems with ten thermal zones (eight perimeter zones and two core zones) that can be controlled individually. Energy performance in the FRPs has been monitored since the summer of 2013 by ~1,071 sensors, most of which are recorded at 30-second intervals. Henceforth, the two-story FRP will be referred to as the FRP in this project.
The multi-zone HVAC system used for the first experimental design incorporates a 12.5 ton RTU and a natural gas furnace. The RTU has a 9.6 energy efficiency rating (EER). The furnace has an 81% annual fuel utilization efficiency (AFUE) rating. Each room in the FRP has a variable-air-volume (VAV) box with electric resistance reheat. The central fan in the air-handling unit draws return air from each room. The original intake for the fresh air in the RTU was blocked for the test and will remain as-is. An exhaust fan with a known air flow rate (in cubic feet per minute) is located on each floor and operates continuously. The Johnson Controls Metasys system, a dedicated energy management control system, is deployed in the FRP; and the room set point temperature, schedule, and other controls were predefined through the Metasys system. 
The RTU is programmed to maintain a constant discharge air temperature at 57°F (14°C). The natural gas furnace engages if the building mixed-air temperature drops below 57°F (14°C). As long as the discharge air is at least 57°F (14°C), the zone electric heat in the VAV boxes activates to provide the necessary perimeter heat. The baseline envelope and HVAC characteristics of the FRP test building are shown in Table 1 . Huang and Franconi (1999), Commercial Heating and Cooling Loads Component Analysis; and Pacific Northwest National Laboratory (1990) . To emulate occupancy, sensible and latent heat additions are estimated and simulated using portable heaters and humidifiers with preprogrammed timers to match hourly profiles. The sensible heat from occupants and from other building equipment such as computers, copiers, and other office machinery is likewise simulated with portable heaters and timers. The lighting fixtures are turned on and off based on the preprogrammed operational schedule. Fig. 3 shows the defined lighting and occupancy schedule based on the literature review, and Fig. 4 illustrates how the heater, humidifier, and lighting fixtures are controlled. The lighting and other occupancy schedules shown here will remain as-is throughout the initial experiment design and will subsequently be modeled in EnergyPlus. Appendix E describes further regarding the occupancy emulation and also provides the comparison between the target and emulated values. Before the first set of validation test, the existing internal heaters will be replaced with new units as the existing ones have been operated several years, and the comparison between target and emulated loads will be compared again. 
INSTRUMENTATION AND MONITORING PLAN
Data acquisition hardware-including 1 master cabinet, 4 peripheral cabinets, 256 thermistor channels, 256 single-ended voltage channels, 100 thermocouple channels, and 64 frequency input (or 5 V) control channels-is currently deployed in the FRP. Fig. 5 shows the layout and location of the HVAC systems and measured parameters. Rooms 102 through 106 are located at the first floor and rooms 202 through 206 are on the second floor. The measurements include the zone set point temperature and humidity, supply and return air temperature and flow rates, and energy consumption of individual components including compressor, condenser, supply fan, VAV reheating. In addition to the measured parameters shown in Fig. 5 , the heat fluxes and temperatures at all the envelope surfaces are measured. The measured data are used for building model calibration. The sensors used for monitoring are calibrated, and the data are recorded at 15 min intervals. The set points and control sequences are modified depending on the parameters being validated. The following list shows the numbers of sensors installed for the RTU performance measurement.
 35 temperature/relative humidity (RH) probes (rooms, supply air duct, return and mixed air, VAV box, exhaust air, and outdoor air [OA])  Ten Globe thermometers for mean radiant temperature  Six refrigerant-side immersion thermistors  Six refrigerant-side pressure transducers  Two refrigerant mass flow sensors  One natural gas mass flow meter  Two airflow measurement stations  16 HVAC power measurements  21 building end-use power measurements 
EVALUATION METRICS
The following metrics are used in this validation study.
Cooling and heating energy delivered (building level)
-Cooling and heating delivered load are calculated based on air-side measurements.
o Cooling delivered load will be calculated based on temperature difference before and after cooling coil at the RTU and measured CFM.
o Heating delivered loads are the sum of delivered heating loads by NG heating (if any) and zone electric reheating. The delivered heating loads by NG heating will be calculated based on temperature difference before and after heating coil at the RTU and measured CFM. The delivered heating loads by electric reheating will be the same with the electricity use for the zone reheating as the COP of the reheating equals to 1.
Zone temperature and RH (zone level)
-Zone temperature, RH, and mean radiant temperature are monitored. 5. HVAC electricity and natural gas use (primary and source energy; building level)
Separate validation criteria for these metrics will be defined. Hourly and monthly calibration criteria per ASHRAE Guideline 14-2014, Measurement of Energy, Demand and Water Savings (ASHRAE 2002), will be used for energy consumption (1 and 5 above). For validation analysis (2, 3 and 4 above), a qualitative approach will be used to compare the measured and simulated values. Average errors will be evaluated, including daily maximum and minimum temperatures and RH.
To generate a test data set for the expansion of ASHRAE 140, this project first will document the building characteristics in detail based on premeasured data and observations. In addition, a site-measured, fullyear weather file will be developed and provided with the test data set.
Building characteristics corresponding to simulation input parameters will include, but are not limited to, the following. Because the FRP is a real building and not a controlled chamber, there are uncertainties in all the parameters and measurements. These uncertainties will be documented where applicable.
MULTI YEAR EXPERIMENTAL PLAN
The multiyear experimental plan includes development and calibration of an EnergyPlus model and validation of modeled cooling and heating equipment performance with measured data. A carefully calibrated model of the two-story FRP will be provided as part of this validation study. Component-level, hourly calibration will be performed to ascertain the accuracy of the model before the detailed validation is performed. The following steps, by fiscal year, will be taken during the project.
DEVELOP FRP ENERGYPLUS MODEL (YEAR 1)
An EnergyPlus whole-building model of the two-story FRP will be developed with as-built drawings and an RTU as an HVAC system, the RTU manufacturer's data, and premeasured data (such as those from the blower door test). An as-built, whole-building, EnergyPlus model for the two-story FRP has already been developed as part of a previous project. Since the summer of 2015, the building configuration has been modified with a partially retrofitted building wall system, and changes have been made in the fresh air unit. Therefore, the original as-built EnergyPlus model will be updated with the modified building characteristics.
CALIBRATING THE MODEL (YEARS 1 AND 2)
1. From summer 2015 through spring 2016, the FRP has been operated weekly by switching between three different HVAC systems every week. The hourly monitored data from only the RTU system will be used to calibrate the model discussed in Section 3.1.
2. During the summer 2015-spring 2016 monitoring period, the RTU was running with a setback schedule and emulated occupancy. For further calibration, the FRP will be operated as described below, and further calibration will be performed.
a. During summer of FY 2016, the FRP will remain without air conditioning for 3 full days (no lighting/internal gain, all blinds open [i.e., no shading devices], no exhaust fans running). The third-day data will be used for comparison and calibration. This step will ensure the modeling accuracy of building envelope and solar transmission.
b. During summer of FY 2016, the RTU for all ten zones will be run for 3 days without setback. The RTU discharge set point temperature will be fixed (no lighting/internal gain, all blinds open, no OA, no exhaust fan). The third-day data will be used for comparison and calibration.
c. During winter of FY 2017, the FRP will remain without air conditioning for 2 full days (no lighting/internal gain, all blinds open [i.e., no shading devices], no exhaust fans running). The second-day data will be used for comparison and calibration. This step will ensure that the seasonal impacts of envelope modeling are captured accurately.
d. During winter of FY 2017, the RTU for all ten zones will be run for 3 days without setback. The RTU discharge set point temperature will be fixed (no lighting/internal gain, all blinds open, no OA, no exhaust fan). This third-day data will be used for comparison and calibration.
3. Along with the data monitoring, a series of blower door tests for the FRP will be performed for cooling and heating seasons. The results will be used for calibrating the model. 4. The model will be calibrated based on the data measured above. The parameters listed in the evaluation metrics will be used for comparison and calibration.
5. The discrepancies with the initial models will be documented, including the input parameters used for the calibration and how the calibrations were performed.
FRP MULTI-ZONE HVAC VALIDATION (YEARS 2 AND 3)
Once they are calibrated, the performance of the HVAC systems with various outdoor and indoor conditions (e.g., various OA temperature conditions, full-and part-load conditions, thermostat setback schedules) will be measured and verified for consistency using redundant measurements. The resulting data sets will be used for EnergyPlus validation in Task 7 of the project and prepared for submission to ASHRAE for inclusion in Standard 140 as part of Task 8. The HVAC system parameters/variables measured will be selected by the project team based on feedback/input from the project technical advisory group and approved by the DOE Technology Manager.
ASHRAE 140 provides mechanical cooling/heating base cases CE100 and CH100. However, the building/system specifications for these cases are not consistent with the current FRP setup. The FRP is a two-story building with ten thermal zones exposed to real weather conditions. These cases are not intended to be used with a real building, but only with building energy models. The test conditions for cases CE100 and CH100, including the building envelope requirements, are not suitable for any real building. For example, the wall/roof/floor insulation R-values defined in these cases are ~567 h•ft 2 •0F/Btu, and the infiltration rate is zero, which cannot be realized in real buildings. Therefore, the test plan for the multi-zone HVAC validation will refer only to a selected set of ASHRAE 140's HVAC test conditions that can be realized in the current FRP setup.
Given the objective of this validation project is to provide a set of empirical data from a high-fidelity test facility, this would fulfill the objectives.
Cooling Equipment Validation
For cooling equipment validation, ASHRAE 140 case CE100, CE 110, CE 120, CE130, CE 150, CE160, and CE165 were reviewed, and they were applied as described or modified as applicable to the FRP. An RTU with a VAV will be used as a cooling season test. The cooling season test will be performed during June/July/August.
Test 1: Cooling Baseline Case (Year 2)
As a baseline case test, a building as-is will be tested. There will be no other treatments, such as blocking windows, adding additional envelope insulation, and so on. Detailed building envelope characteristics, internal loads, weather data, and HVAC system information will be provided to ensure modeling for multiple domain simulation programs. The testing will include the following other test conditions.
 Window blinds will not be used.  No sensible or latent internal loads will be used.  A fixed discharge temperature of 55F (12.7C) and no OA or exhaust air provision (same as CE100) will be set.  Fixed static pressure will be maintained.  Room temperature will be maintained at 72F (22.2C) with possible minimum dead band. There will be no setback/set-up schedule, no humidity control. Heating will be OFF.
Using these conditions, 1 week during June/July/August will be selected, and 2 days for warming up and 3 days with HVAC operation will be tested.
A steady partial load will be emulated using heaters. The heater will be used to increase/decrease the cooling load. Other conditions will be kept the same as in the cooling baseline case. One week during June/July/August will be selected, and 2 days for warming up and 3 days with HVAC operation will be tested.
Test 5: Latent load at high sensible heat ratio (Year 3)
Constant sensible and latent internal loads will be emulated using heaters and humidifiers. Other conditions will be kept the same as in the cooling baseline case. One week during June/July/August will be selected, and 2 days for warming up and 3 days with HVAC operation will be tested.
6. Test 6: Increased thermostat set point at high sensible heat ratio (Year 3) Test 6 will be the same as Test 5 except for an increased zone set point temperature of 26.7C (80F). One week during June/July/August will be selected, and 3 days for warming up and 3 days with HVAC operation will be tested.
Test 7: Variation of thermostat set point at high sensible heat ratio (Year 3)
As a final test, the thermostat set point will be varied by use of a setback. (e.g., 0 through 6 a.m.: 31C; 6 a.m. through 6 p.m.: 75F (24C); 6 p.m. through 12 a.m.: 88F (31C)). The rest of the test conditions will be the same as in Test 6. One week during June/July/August will be selected, and 2 days for warming up and 3 days with HVAC operation will be tested.
Heating Equipment Validation
For heating season validation, ASHRAE 140 cases HE100, HE 210, HE 220 were reviewed and applied as described or modified as applicable to the FRP. The heating equipment performance test in ASHRAE 140 targets a fuel-fired furnace system, whereas the main heating system in the FRP is electric reheat. Therefore, only a couple of applicable tests will be performed for heating equipment validation. The heating season test will be performed during December/January.
Test 8: Heating baseline case (Year 2)
As in the cooling baseline case, a building as-is will be tested. There will be no other treatments such as blocking windows, adding additional envelope insulation, and so on. Detailed building envelope characteristics, internal loads, weather data, and HVAC system information will be provided to ensure modeling for multiple domain simulation programs. The following other test conditions will be used.
 Window blinds will not be used.  No sensible and latent cooling load will be emulated.  There will be a fixed discharge temperature (57F (14C)) from the RTU and no OA provision (the same conditions used in the cooling season baseline test).  Fixed static pressure will be maintained.  No natural gas furnace will be used. Only reheat will be used. There will be no zone humidity control.  Room temperature will be maintained at 68F (20C) with possible minimum dead band. There will be no setback schedule.
Under these conditions, one week during December/January will be chosen, and 2 days for warming up and 3 days with HVAC operation will be tested.
Test 9: Heating with setback thermostat (Year 2)
As a final test, the thermostat set point will be varied using a setback. (e.g., 0 through 6 a.m.: 59F (15C); 6 a.m. through 6 p.m.: 69.8F(21C); 6 p.m. through 12 a.m.: 59F (15C)). One week during December/January will be chosen, and 2 days for warming up and 3 days with HVAC operation will be tested.
List of Validation Parameters
During the series of tests described above, the parameters given in Table 2 will be measured and compared/validated with the EnergyPlus model of the FRP. The parameters will be updated based on further feedback from domain experts and Technical Advisory Group (TAG). 
APPENDIX B. PHOTOGRAPHS OF SENSORS DEPLOYED IN TWO-STORY FLEXIBLE RESEARCH PLATFORM (FRP)
Refrigerant
APPENDIX D. "POOR BOY" PYRANOMETER
Pyrometers, such as Eppley's Standard Precision Pyranometer, used for global solar radiation measurements are quite expensive. Less accurate bur cheaper pyranometers such as Li-Cor's Pyrometer is another alternative for measuring global solar radiation. The researchers at ORNL developed a very cheap alternative, Poor Boy" Pyranometer. The "poor boy" pyranometer consists of a black piece of metal with a known emittance and solar reflectance, a piece of insulation, a thermistor, and a type T thermocouple ( Figure D1 ). The thermistor measures the temperature of the plate, while the thermocouple measures the temperature of the insulation. "Poor Boy" can measure the solar radiation passing through a windows. Based on the measured temperatures, the irradiance (I) entering the zone through windows is calculated using the following equations. The resulst show that "Poor Boy" measurements matehces well with and Li-Cor measuremens for winter months but the measurements differ by a large margins in summer. From Figure D3 , it appears that Li-
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Cor is undersetimating the transmitted solar radiation in summer. Additional investigated would need to carried out to prove the accuracy of "Poor Boy" measurements.
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APPENDIX E. OCCUPANCY EMULATION
As described earlier, the occupancy of the FRP is emulated using a typical occupancy schedule and power density for existing office buildings as defined by various sources This appendix provides a comparison of target and measured sensible occupancy and plug load emulation and lighting emulation to ensure that the occupancy emulations were operated as planned in the initial design.
Figure E-1 compares the hourly target and emulated occupancy and plug load for a typical weekday, and the graph shows a close match. The daily total power consumption for the target and emulated loads are 71,840 Wh and 73,529 Wh, respectively, which shows about 2.3% difference. 
APPENDIX F. BLOWER DOOR TEST
This appendix provides a preliminary blower door test results performed for the 2 story FRP in August 2015. There has not been much change in the FRP in terms of building characteristics and HVAC systems since this blower door test. Therefore, this blower door test results will serve as a baseline for energy modeling and validation. Further blower door test will be performed once for each cooling and heating season during the validation test.
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